Present work confines itself to discuss the mechanism responsible for the grain refinement of the melt conditioned direct-chill cast aluminum alloys. It has been found that the Al alloys processed by this process undergo grain refinement irrespective of their chemical composition. The forced convection caused during this process led to dendrite fragmentation which enhances the heterogeneous nucleation and result in grain refinement. It is suggested that owing to their favorable lattice matching with a-Al, these fragments serve as potent nuclei for a-Al grains.
Introduction
In the literature, the term ''melt-conditioning'' has been popularly used for a process which involves stirring or shearing of molten metal prior to casting. Melt conditioning is mostly done for the Al or Mg alloys prior to casting. This technology has been basically divided into two methods. One of them is the twin-screw method and the second one is the rotor-stator method. Present work deals with the melt conditioning using a rotor-stator method. The literature suggests that the broken Mgrich aluminum-oxides nucleate Al grains in Mg-bearing Al alloys in melt conditioned using twin-screw method prior to casting (Ref [1] [2] [3] [4] [5] [6] . On the other hand, Cassinath (Ref 7) reported the pickup of molybdenum into the melt, in the twinscrew method as the melt-shearing region in the twin-screw device was made of molybdenum. According to Mondolfo (Ref 8) , Mo acts as a grain refiner due to the peritectic reaction with liquid aluminum and nucleates a-Al grains leading to grain refinement. Further it was also stated (Ref 8) that the grainrefining efficiency of Mo increases due to vibration or forced convection. Interestingly, when liquid aluminum at about 700°C was stirred in the twin-screw device, Mo contamination and the forced convection could generate potent nucleating sites for the a-Al to nucleate upon, thus resulting in grain refinement. Unfortunately, not many reports are found on the effect of Mo contamination on the grain refinement observed in twin-screw melt-conditioned Al alloys. On the other hand, the grain-refining effect was attributed to oxides alone (Ref [1] [2] [3] [4] [5] [6] ; hence the science of nucleation in melt conditioning by twinscrew method still remains unclear.
The work presented here deals with the second type of melt conditioning, i.e., using a rotor-stator device which was made of ceramic materials, to eliminate Mo contamination. This device was pre-heated to 750°C and used for the melt conditioning of Al alloys during direct-chill casting. The direct-chill casting ''without'' melt conditioning is termed as conventional DC casting (CDC); while the one with melt conditioning using the rotor-stator device is termed as melt-conditioned DC casting (MCDC), here after. Detailed process of MCDC casting was discussed elsewhere (Ref 12) . MCDC casting processes has been a promising method for producing grain-refined Al/Mg alloy billets. In the past (Ref 9, 10) it was believed that the grain-refining effect observed in the MCDC cast billets is due to the heterogeneous nucleation of the primary phase on the dispersed oxide particles. Unfortunately, Flemings report (Ref 11) which stated the concept of nucleation due to dendrite fragmentation was overlooked in the past work (Ref 9, 10) on the melt-conditioned direct-chill casting (MCDC), since more emphasis was on oxides particles. However, recently (Ref 12) it has been found that MCDC method leads to dendrite fragmentation due to forced convection in the billet sump. Which confirmed that the mechanism is in agreement with FlemingsÕ report (Ref 11) . A contemporary report by Liotti et al. (Ref 13) had demonstrated the fragmentation of dendrites during forced convection; while Kim (Ref 14, 15) has observed dendrite fragments at the center of a-Al grains in the MCTRC Al alloy (melt conditioned by twin-screw method followed by twin-roll casting). Although literature states that the dispersed oxide particles nucleate the a-Al, during melt conditioning (MC); the potency of these particles is still a subject of debate, as there is no report on in-situ observation of their nucleating action. The particles observed in the TEM (Ref 1) are mostly found along the grain-boundaries, which could have been pushed by the dendrite front, which is a post-nucleation event. If at all the particles are found in the center of the grain, it is likely that there was an engulfment.
Since the nucleation mechanism in MCDC process of Al alloys remains ambiguous, in the present work, an attempt has been made to understand the mechanism of nucleation in MCDC casting process. Further, the possible mechanism responsible for grain refinement has also been proposed.
Materials and Methods
Aluminum alloys of various chemistries were cast into billets of 80 mm diameter using the pilot-plant experimental This article is an invited paper selected from presentations at ''Innovation in Processing of Light Metals for Transportation Industries: A Symposium in Honor of C. Ravi Ravindran,'' held during MS&TÕ14, October 12-16, 2014, in Pittsburgh, PA., and has been expanded from the original presentation. setup and detailed process described elsewhere (Ref 12) . Details of the experiments and alloy billets cast are given in Table 1 . A billet number has been indicated in each case to denote the experimental condition. The pouring temperature was maintained 75°C higher than the liquidus of the alloy (further raise in the superheat would lead to bleed-out during CDC casting) in order to ensure that the billet sump consists of minimum shell thickness in the steady-state condition without forced convection. A detailed temperature profile of the billet sump recorded during CDC and MCDC process were already reported (Ref 12) , which indicated that the superheat was about 20°C, above the liquidus of the alloy (CDC). The surface of the as-cast billets was also examined, in order to understand the solidification mechanism. Grain size and the microstructure of the billets (along the longitudinal axis) were examined using optical microscopy/image analyzer by considering 100 readings for each grain size data point.
Results and Discussion
It is well known that cold-shuts are the shrinkage defects which form due to premature solidification in the mold during primary cooling of the CDC cast billets (Ref 16); i.e., increase in the solid-fraction in the billet sump. Cold-shuts are normally studied to understand the solidification behavior of CDC billets. The CDC and MCDC billets shown in Fig. 1 correspond to 6xxx alloy as shown in Table 1 . The bottom region of the billets shown in Fig. 1 corresponds to the start speed of 140 mm/min (first speed, after a hold time of 20 s) followed by the steady-state speeds of 200 and 220 mm/min for CDC (billet #1) and MCDC (billet #3) castings, respectively.
During CDC casting, cold-shuts disappear as the speed increases from 140 to 200 mm/min (Fig. 1) , suggesting increase in the temperature gradient in the billet sump which improves the fluidity of the liquid in the billet sump. On the other hand, cold-shuts are also seen on the MCDC billets for both first speed (140 mm/min) and steady-state speed (220 mm/min); which is higher than in the case of CDC. This observation hints that the fluidity of the melt decreases during MCDC casting, which is expected to happen when the solidfraction increases in the billet sump. The dendrite fragmentation which takes place during MCDC casting lowers the billet-sump temperature significantly (Ref 12) , which decreases the fluidity of the melt. Since it is known that the cold-shuts disappear at faster casting speeds, as the solid-liquid interface moves downwards (Ref 16); MCDC casting process widens the possibility of improving the casting speeds without bleed-outs and thereby increase the productivity of the cast-house. Fig. 2(a) and (b) indicates that the coarse dendritic grain structure turns to fine-equiaxed dendrite, suggesting the well known heterogeneous nucleation phenomenon to undergo with the addition of TiBAl grain refiner to the melt, prior to casting. On the other hand, the MCDC billet (Fig. 2c) which was cast ''without adding'' grain refiner also results in fine microstructure, suggesting that MCDC casting process results in grain refinement. Interestingly, the grain refinement obtained through MCDC process is non-dendritic, The photomicrographs shown in Fig. 4(a-d) , respectively, represent the binary eutectic Al-Fe alloy billets corresponding to CDC (220 mm/min), MCDC (220 mm/min), CDC (300 mm/min), and MCDC (300 mm/min). It is obvious that MCDC cast binary Al-Fe alloy exhibits grain refinement at a casting speed of 220 mm/min (Fig. 4b ), in comparison with its CDC counterpart (Fig. 4a) . However, the MCDC billet which was cast at a higher speed of 300 mm/min did not result in grain refinement, which is in contrast with the trend observed in all other cases. This is possible only when the solid-liquid interface was left un-ruptured since the same was away from the vicinity of the sucking action of the rotor-stator device used for MCDC process. If the literature (Ref 1-6 ) on melt conditioning, which claims that the heterogeneous nucleation is enhanced by the dispersed oxide particles, is valid, the MCDC process should result in good grain refinement for all billet casting speeds, since oxide films are available in the liquid metal always. If at all these oxide films break, disperse, and nucleate a-Al grains, the effect of grain refinement should persist always, irrespective of the billet casting speed and the distance of the solid-liquid interface from the rotor-stator device. But the grain refinement (dendrite fragmentation) does (Ref 1-6 ).
Nucleation
It is well known that the energy barrier of heterogeneous nucleation, DG het * is expressed as follows ( Ref 17),
het / SðhÞ where S(h) is the shape factor which is a function of the contact angle ''h'', between the ceramic particle and the liquid.
Hence, the nucleation potency of the substrate depends on the shape factor, S(h); and for the ceramic substrates, h ) 0. In general, ceramic particles like MgAl 2 O 4 , Al 2 O 3 , TiB 2 etc., possess larger lattice misfit (f) with a-Al and not all crystallographic planes have preferable lattice matching with a-Al (Table 2) . Therefore, the shape factor and thereby the energy barrier for heterogeneous nucleation of a-Al on these substrates are large. In the present case of MCDC casting, amongst all the substrates available in the liquid; the dendrite fragments possess high coherency and low activation barrier for nucleation. Therefore, the nucleation potency is high in the case of a-Al substrates (f = 0%). In addition, since the MCDC regime is isothermal and below liquidus (Ref 12) , the remelting of the dendrite fragments is less likely to take place. In another study, Kim (Ref 15) reported the presence of a-Al fragments in the twin-screw melt-conditioned twin-roll cast strip of Al-Mg alloy. On the other hand, no emphasis was made on the molybdenum pickup in KimÕs (Ref 14, 15) work, although the alloy investigated was processed using twin-screw melt conditioning above liquidus. Therefore, it appears that all the melt-conditioning processes either by twin-screw or by rotor-stator device, result in forced convection and dendrite fragmentation, thereby enhancing the heterogeneous nucleation.
Proposed Mechanism of Nucleation in MCDC Casting Process
Based on these studies, a possible nucleation mechanism has been proposed herein. Figure 5 schematically illustrates the mechanism of dendrite fragmentation and nucleation in MCDC casting. From left-to-right in the figure, firstly, a dendritic network is shown along the solid-liquid interface of the billet sump (stage-1) in CDC. As soon as the rotor-stator device starts its operation, the solute-rich liquid (low temperature) is sucked into the device as shown in stage-2 of the figure. As a result low pressure is generated in the region vacated by the solute-rich liquid, hence dilute-liquid (high temperature) from above would occupy the space below the rotor-stator device. As the rotor continues to operate, the forced thermo-solutal convection, buoyancy, and impulsive action of the liquid tend to fragment the dendrites. These fragments again get re-sucked in to the rotor-stator device and re-circulated in the billet sump (stage-3), this scenario eventually generates an isothermal region in the billet sump. The dendrite fragments thus circulate in the billet sump and nucleate new solid on them as shown in stage-4. During this circulation, the solid particles tend to grow in the form of a rosette. The fraction of solid in the billet sump increases with the decrease in sump temperature below the liquidus of the alloy (Ref 12) . Hence, the cold-shuts appear on the MCDC billet surface as discussed above.
Conclusions
• The key phenomenon involved in MCDC casting is semisolid processing.
• A mechanism of nucleation in MCDC billets has been proposed. Of all the substrates, only fragmented dendrites are potent nuclei, and are responsible for the grain refinement in MCDC billets, irrespective of the alloy chemistry.
• Cold-shut formation in MCDC casting is wellunderstood.
• MCDC cast billets do not show grain refinement for extremely higher casting speeds, since the solidification front moves away from the vicinity of the stirring action of the rotor-stator device. Hence, an optimum billet casting speed has to be employed for obtaining a fine-grain microstructure while minimizing the cold-shut formation.
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